Barajas-Martínez, Hé ctor, Alejandro Elizalde, and José A. Sá nchez-Chapula. Developmental differences in delayed rectifying outward current in feline ventricular myocytes. Am. J. Physiol. Heart Circ. Physiol. 278: H484-H492, 2000.-In the present work, we found that the delayed rectifying outward potassium current (I K ) in adult and neonatal cat ventricular myocytes consists of both rapid and slow components, I Kr and I Ks , respectively, which can be isolated pharmacologically. Thus after complete blockade of I Kr with dofetilide, the remaining I Ks current is homogeneous, as shown by an envelope of tails test. I Kr maximum tail current density, measured at Ϫ40 mV, was similar in adult and neonatal myocytes. I Ks maximum tail current density in neonatal myocytes, measured at Ϫ40 mV, was significantly smaller than in adult myocytes. Activation kinetics of I Kr and I Ks was similar in both age groups. However, the I Kr deactivation time course was significantly faster in neonatal than in adult myocytes. Developmental differences in the subunit composition of I Kr that display distinctly different deactivation kinetics are suggested.
cat; rapid delayed rectifying current; slow delayed rectifying current; dofetilide THE DELAYED RECTIFYING OUTWARD potassium current (I K ) has been found to be important to the repolarization of the cardiac action potential in different mammalian species (11) . In most mammalian species, I K has been reported to consist of two different components that have distinct time-and voltage-dependent and pharmacological properties (7, 14, 17, 20, 22) . The rapidly activating, inwardly rectifying component, I Kr , is specifically blocked by methanesulfonanilide class III antiarrhythmic agents such as E-4031, sotalol, and dofetilide (20) . The slowly activating component, I Ks , displays a linear current-voltage (I-V) relationship and is insensitive to the methanesulfonanilide agents (20) .
In cat ventricular myocytes, it has been reported that I K consists solely of the single rapidly activating component, I Kr (5). However, under experimental conditions that minimize the contribution of I Kr (zero external K ϩ ), it was reported that I K in cat ventricular myocytes consists of a single component with time-and voltagedependent properties similar to those of the slowly activating, inwardly rectifying current (I Ks ) (6) . These inconclusive results led us to reinvestigate the kinetic and pharmacological properties of I K in cat ventricular myocytes. We found evidence that I K in cat ventricular myocytes is composed of two kinetically and pharmacologically distinct components, I Kr and I Ks.
Age-dependent differences have been found in potassium current densities and kinetics, which determine differences in action potential duration (APD) and response to agents that prolong APD (4). In the present work, we compared I K in adult and neonatal ventricular myocytes. The most striking difference we found between these age groups was that I Kr deactivation was faster in neonatal than in adult myocytes.
METHODS

Isolation of ventricular myocytes.
Experiments were performed on single ventricular myocytes obtained from the right ventricle of adult (2.5-3.5 kg) and neonatal (0-4 days from birth) cats, using a method similar to that previously described (16) . The hearts were mounted on a Langendorff apparatus, perfused for 8 min with normal Tyrode solution, and then switched to a nominally calcium-free solution for 6 min. Afterwards, the hearts were perfused for 12 (neonatal hearts) or 40 (adult hearts) min with a calcium-free solution containing 1 mg/ml collagenase (Sigma type I) and 0.1 mg/ml protease (Sigma type XIV). The enzymes were washed out by perfusion with a high-potassium, low-chloride saline solution for 8 min. Temperature of the solutions was maintained at 37°C. The free wall of the right ventricle was dissected out and cut into small pieces. Single cells were obtained by mechanical agitation with a pipette. The cells were maintained in a high-potassium, low-chloride solution at 4°C up to 10 h for later electrophysiological experiments.
The Tyrode solution had the following composition (mM): 118 NaCl, 5.4 KCl, 1.05 MgCl 2 , 1.8 CaCl 2 , 24 NaHCO 3 , 0.42 NaH 2 PO 4 , 11 glucose, and 20 taurine. The solution was equilibrated with 95% O 2 -5% CO 2 (pH 7.4). A nominally calcium-free solution was prepared by omitting CaCl 2 from the Tyrode solution. The high-potassium, low-chloride solution had the following composition (mM): 20 KCl, 10 taurine, 70 glutamic acid, 0.5 creatinine, 10 KH 2 PO 4 , 5 succinic acid, 10 glucose, 10 HEPES, and 0.2 EGTA; pH was adjusted to 7.4 with KOH. This solution was equilibrated with 100% O 2 .
Data acquisition and analysis. A few drops of the cell suspension were placed in a superfusion chamber (0.5 ml) mounted on a stage of an inverted microscope (Nikon Diaphot, Tokyo, Japan). The myocytes were allowed to settle to the bottom of the chamber (5-10 min) and then were superfused with normal external solution. Experiments were performed at 35°C, and the temperature was controlled by an open bath microincubator (Medical Systems, Greenvale, NY). Current recordings were obtained by using the whole cell patch-clamp method (8) Figure 1 shows I K obtained from an adult isolated ventricular myocyte. Figure 1A shows total membrane currents induced by 3-s depolarizing pulses and tail currents after repolarizing pulses to the holding potential of Ϫ40 mV. Data were recorded 3-5 min after patch membrane rupture. At the holding potential of Ϫ40 mV, an outward holding current caused mainly by the inward rectifying potassium current (I K1 ) was recorded. Test pulses to membrane potentials from Ϫ30 to ϩ10 mV first induced an instantaneous decrease in outward current due to the inward rectifying properties of I K1 and then induced a timedependent current that showed a rapid component followed by a slower one. A sigmoidal onset of activation was observed only during test pulses positive to ϩ30 mV. However, the sigmoidal onset of current activation http://ajpheart.physiology.org/ was evident at all potentials studied in the presence of dofetilide (Fig. 1B) . Data were recorded in the presence of dofetilide 7-9 min after the beginning of the drug superfusion. Figure 1C shows the dofetilide-sensitive current (I Kr ) obtained by digital subtraction of currents recorded in the presence of dofetilide from control records. This current component did not exhibit an obvious delay, and it fully activated at ϩ10 mV. Figure  1 also shows the I-V relationships for the timedependent currents measured during the depolarizing pulses (Fig. 1D) .
RESULTS
Characterization of dofetilide-sensitive and dofetilideinsensitive currents.
I Kr and dofetilide-insensitive currents (I Ks ) were similar to those described in guinea pig ventricular myocytes (20) . The isochronal I-V relation of the timeactivated, dofetilide-sensitive current showed inward rectification, and the isochronal I-V relation of the dofetilide-resistant, time-activated current was almost linear. The dofetilide-sensitive tail current-voltage relation showed saturation at ϩ20 mV, and the dofetilideresistant tail current-voltage relation did not reach saturation, even at ϩ50 mV. Figure 2 shows I K obtained from neonatal ventricular myocytes. The voltage dependence, rectification, and densities of the dofetilidesensitive current components recorded in neonatal myocytes were similar to those recorded in adult myocytes. The voltage dependence of the dofetilide-resistant current was similar in both neonatal and adult myocytes. The dofetilide-resistant maximum tail current density was significantly smaller in neonatal than in adult myocytes. The most striking difference between currents recorded from these age groups was that the deactivation time course of the total I K and dofetilide-sensitive delayed rectifier outward currents was faster in neonatal than in adult myocytes.
Envelope of tails test. The envelope of tails test of representative adult and neonatal cells in the presence and absence of dofetilide is shown in Fig. 3 . From a holding potential of Ϫ40 mV, the membrane potential was depolarized to ϩ40 mV for various durations and then returned to Ϫ40 mV. If I K results from a single time-dependent current, then the ratio of tail current to time-dependent current (I K,tail /I K,act ) for a given depolarizing pulse will be constant, regardless of the pulse duration, whereas if I K contains multiple components, the ratio will vary with pulse duration. In the absence of dofetilide, tail currents in adult and neonatal myocytes were larger than time-dependent currents for short pulses, but as the pulse duration was lengthened, the time-dependent current slowly increased in magnitude. In the presence of dofetilide, the current ratio was constant, regardless of the duration of the depolarizing pulse. I K,tail /I K,act obtained under control conditions is larger than that obtained in guinea pig ventricular myocytes (20) . An explanation for such a difference may be that in guinea pig ventricular myocytes, current density of the rapidly activating, inward rectifying current, I Kr , is smaller than current density of the slowly activating current, I Ks (20) , whereas in cat ventricular myocytes, current density of I Kr is larger than I Ks density (present study). Both pharmacological Figure 4 illustrates the results from experiments designed to assess the reversal potential of I Kr and I Ks in adult and Activation and deactivation kinetics of I K , I Kr , and I Ks . Figure 5 plots the amplitude of the tail currents measured at Ϫ40 mV after a pulse to ϩ30 mV, as a function of the activating pulse duration in adult (Fig.  5A) and neonatal (Fig. 5B) myocytes. Least-squares regression was used to fit the sum of two exponentials to the data points for I K and single exponentials for I Kr and I Ks. The time constants () of activation at three different membrane potentials (ϩ10, ϩ30, and ϩ50 mV of I K , I Kr , and I Ks of adult and neonatal myocytes) are shown in Table 1 . No significant differences in the activation time course of I K , I Kr, and I Ks were recorded in adult versus neonatal myocytes.
Reversal potential of delayed rectifier currents in neonatal and adult ventricular myocytes.
The voltage dependence of deactivation was assessed by the following protocol. Tail currents were recorded on repolarization after a depolarizing pulse (3-s duration) to ϩ50 mV. Tail currents were fitted with two exponentials for I K , I Kr , and I Ks . Figure 6A shows I K tail current traces at different membrane potentials in myocytes from adult and newborn cats. I K deactivation was faster in neonatal than in adult myocytes. Both fast ( f ) and slow ( s ) time constants of I K deactivation were smaller in neonatal than in adult myocytes (Fig.  6C) . The of deactivation of I Ks were smaller in neonatal than in adult myocytes, but the difference was only significant at a few membrane potentials. The of deactivation of I Kr in neonatal cells were significantly different from those in adult cells at all membrane potentials.
Accumulation of activation during trains of pulses. The slow deactivation of I Kr in cat adult myocytes predicts accumulation of activation at high stimulation rates, but on the other hand, in cat neonatal myocytes, deactivation is fast and small or no accumulation is expected. Trains of sixteen 200-ms-duration pulses were applied to ϩ30 mV, at a frequency of 2 Hz, from two different holding potentials, Ϫ40 and Ϫ80 mV (Fig.  7) . In adult myocytes, with a holding potential of Ϫ40 mV at the end of a train of 16 pulses, tail current amplitude induced by the last pulse was 22% greater than tail current induced by the first pulse. When the holding potential used was Ϫ80 mV, no significant differences in tail current amplitude were observed during the train. In neonatal myocytes, no significant differences in tail current amplitude were observed during the train at holding potentials of Ϫ40 and Ϫ80 mV (Fig. 7) . myocytes. Activation time course was estimated using I K,tail measurement. I K,tail were elicited by applying test depolarizations to ϩ30 mV, using different test pulse durations (⌬T, inset). Currents were measured as peak I K,tail during repolarization to Ϫ40 mV. Data beginning at 50 ms for I K,total and I Kr and at 200 ms for I Ks were fitted to monoexponential functions to emphasize late phase of activation. Because of the importance of I K in modulating cardiac action potential repolarization, and its possible role as a target for agents with antiarrhythmic as well as arrhythmogenic potential, it is important to study its characteristics. There are two main findings in the present work. First, we have shown that in adult and neonatal cat ventricle, I K consists of two different current components, I Kr and I Ks , similar to those previously recorded in other mammalian species (20, 14) . Second, we found that I Kr and I Ks and activation time courses are similar in adult and neonatal ventricular myocytes. However, current deactivation is faster in neonatal myocytes. The presence of two kinetically distinct current components in I K of adult and neonatal ventricular myocytes was demonstrated on the basis of independent kinetics and pharmacological evidence.
The envelope of tails test for total I K was not satisfied, suggesting that more than one current component was present. However, the test was satisfied once the rapidly activating component, I Kr, was blocked by the specific I Kr blocker dofetilide. I Kr , defined as the dofetilide-sensitive component, activated by depolarizing pulses in cat ventricular myocytes, shows a threshold potential of Ϫ30 mV and a strong inward rectification. In canine and guinea pig ventricular myocytes, I Ks tail current density is greater than that of I Kr . In contrast, in both adult and neonatal cat ventricular myocytes, we found that I Kr tail current density is greater than that of I Ks, as suggested by previous work (5) . The presence of both I Kr and I Ks suggests that both participate in cat ventricular repolarization. However, the greater density and faster activation kinetics of I Kr suggest that it participates more than I Ks . In addition to differences in activation kinetics and sensitivity to different potas- sium-channel blockers, I Kr and I Ks differ in sensitivity to ␤-adrenergic stimulation. I Kr is not affected by ␤-adrenergic stimulation, whereas I Ks is enhanced (11) . Therefore, under some physiological or pathological conditions in which the sympathetic tone is elevated, the participation of I Ks on repolarization may be more important (1) .
Activation kinetics of I Kr and I Ks is similar in these age groups. The activation kinetics of I Kr and I Ks is similar in neonatal and adult ventricular myocytes. In a previous work (12) , it was reported that activation of I K in cat ventricular myocytes is slowly activated in a monoexponential way, with a kinetics similar to the I Ks reported in the present work. We do not have a clear explanation for these differences.
Deactivation kinetics of I Kr is faster in neonatal myocytes. The deactivation kinetics is faster in neonatal myocytes. Two exponential components adequately describe the I Kr and I Ks deactivation time course. The main difference between these age groups is in deactivation of I Kr . The s of deactivation of I Kr at membrane potentials positive to Ϫ50 mV is about three times slower in adult than neonatal cells. Species-dependent differences in the I Kr deactivation time course have been found. In guinea pig ventricular myocytes, f and s at Ϫ40 mV are 117 and 632 ms, respectively (3), and in AT-1 cells, f and s are 80 and 400 ms, respectively (23) . However, in dog ventricular myocytes f Ϸ470 ms and s Ϸ 5 s (14) , and in adult cat ventricular myocytes, f Ϸ279 ms and s Ϸ3,334 ms (present study).
The difference in deactivation kinetics of I Kr between adult and neonatal ventricular myocytes predicts differences in the contribution of I Kr to repolarization at high stimulation rates in addition to differences in ratedependent response to I Kr -and I Ks -specific blockers. Increases in the contribution of I Ks to repolarizing currents at higher stimulation frequencies have been attributed to the accumulation of I Ks resulting from its slow deactivation kinetics. In guinea pig ventricular myocytes, the reverse use-dependent effects of class III antiarrhythmic drugs, which specifically block I Kr , have been attributed to I Ks accumulation resulting from its slow deactivation kinetics (10) . In contrast to the results obtained in guinea pig myocytes, we have found that I Kr deactivation is slower than I Ks deactivation in cat ventricular myocytes. From our results in adult cat ventricular myocytes, I K accumulation of activation may be mainly attributed to the slower deactivation kinetics of I Kr, principally at potentials positive to the normal resting potentials of these cells (Ϫ80 mV). On the other hand, in neonatal myocytes, deactivation of both current components is similarly fast, predicting little accumulation at high stimulation rates. Our prediction has been experimentally confirmed. In adult myocytes accumulation of activation is observed during a train of pulses applied at a frequency of 2 Hz, using a holding potential of Ϫ40 mV. However, when the train is applied from a holding potential of Ϫ80 mV, closer to the normal resting potential, no accumulation of activation is observed. These results suggest that under physiological conditions, in normally polarized cells, I K accumulation of activation may not be relevant. In neonatal myocytes accumulation of activation was not observed at holding potentials of Ϫ40 or Ϫ80 mV. The main limitation of this protocol is that we have used square waveform voltage-clamp pulses instead of action potential waveform voltage-clamp pulses, and a single (2 Hz) stimulation frequency. Furthermore, the increase in current during the train of pulses applied from a holding potential of Ϫ40 mV could be caused by cumulative activation from using a holding potential above the activation threshold. The I-V relationships given in Fig. 1 do not necessarily contradict such an interpretation because isochronal measurements were performed.
The genes that encode the major subunits of I Ks and I Kr have been cloned. The minK subunit coassembles with an ␣-subunit, KvLQT1, to form I Ks channels (18, 2) , and the ether-à -go-go-related gene (ERG) subunit coassembles with minK-related peptide 1 (MiRP1) to form I Kr (1, 19, 21) . ERG has electrophysiological properties similar but not identical to I Kr . The time constants of deactivation of ERG are much slower than those of native I Kr , as expressed in guinea pig and mouse myocytes (20, 14) . A novel ERG isoform with a shorter and divergent NH 2 -terminal cytoplasmic domain that is abundantly expressed in the heart has been identified in humans and mice (13, 15) . Expression of this isoform induces a current that has rapid deactivation kinetics and coassembles with the longer isoform. Therefore, it is possible that native I Kr results from a mixture of both isoforms forming homo-or heteromultimers. A novel potassium gene has been cloned. This gene encodes a MiRP1 that assembles with HERG to form a channel with characteristics closer to those of I Kr than channels formed solely by HERG subunits (1). MiRP1-HERG complexes deactivate threefold more rapidly than channels formed only by HERG subunits (1) .
A possible explanation for our findings could be that there exist species-and age-dependent differences in the ratio of expression of the ERG isoforms, both the isoform with the longer NH 2 -terminal cytoplasmic domain and the isoform with the shorter domain. It is probable that changes in the ratio of expression of both isoforms may alter the kinetics of the endogenous I Kr (13, 15) . Another possible explanation for our findings may be species-and age-dependent I Kr channel composition. Some channels could be composed of the MiRP1-ERG complex and some of them of the ERG subunit alone. Channels composed of the MiRP1-ERG complex may be expressed at higher levels in cardiac myocytes that show a more rapid I Kr deactivation. However, to confirm or reject these and/or other hypotheses, more direct evidence should be obtained using molecular biology approaches.
